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Abstract 
 
Galvanic exchange involving dissolution of iron and the simultaneous growth of platinum onto 
316L stainless steel was investigated for specimens manufactured by 3D-printing, and the 
behaviour was compared to conventional stainless steel. Novel phenomena associated with the 
3D-printed steel, but not conventional steel, reacting in three distinct phases were observed: 
first, with low platinum loading a bright etching pattern linked to the laser-manufacturing 
process is revealed at the steel surface; second, a nanostructured pore pattern with platinum 
nano-deposits forms; and third, a darker platinum film coating of typically 500 nm thickness 
forms and then peels off the steel surface with further platinum growth underneath. Unlike the 
conventional steel (and mainly due to residual porosity), 3D-printed steel supports well-
adhered platinum films for potential application in electro-catalysis, as demonstrated for 
alkaline methanol oxidation. 
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1. Introduction 
 
Three dimensional printing, although invented around thirty years ago, is still a method in its 
infancy in terms of delivering novel research materials [1]. There are many 3D-printing 
technologies [2], a common approach being powder bed fusion or “laser additive 
manufacturing” (LAM) wherein layers of material are stacked and laser-melted on top of each 
other, to erect a three dimensional construct [3]. 3D-printing has revolutionized some areas of 
industry and the continued development of this technique has led to a dramatic rise in 
associated publications in recent years [4,5]. The properties of 3D-printed metal objects can 
differ from those fabricated with subtractive manufacturing techniques and therefore it is 
reasonable to investigate these new materials and to compare them to their conventional 
counterparts. Here, differences in the electrochemical properties for conventional 316L steel 
and 3D-printed steel are studied.  
 
A wide range of applications for 3D-printed materials have been proposed, including in 
chemical reaction-ware [6], in microfluidics [7], and in electrochemistry [8,9]. 3D-printed steel 
has been suggested for helical electrodes in electrolysers [10], and for fuel cell components 
[11]. Like conventional steel, the surface of 3D-printed steel is typically covered with a 
protective oxide layer, but this can be breached in aqueous HCl media, resulting in hydrogen 
evolution or metal dissolution and/or deposition processes. Recently, we have shown that 3D-
printed steel surfaces are readily modified with platinum catalysts in a simple galvanic 
exchange process [12]. Compared to other types of platinum deposition (sputtering [13], 
focused ion beam deposition [14], thermolytic deposition [15], or atomic layer deposition [16]) 
galvanic exchange is practical and efficient [17]. When testing the electrodes produced by 
galvanic exchange platinisation, it was observed that the electrocatalytic performance towards 
methanol oxidation (in acidic media) was improved relative to that for similar platinum nano-
materials. The effect was attributed to iron (and possibly other) impurities becoming 
incorporated into the galvanically exchanged platinum catalyst to promote the catalytic activity 
[12,18,19].  
 
Here, the galvanic exchange platinisation for 2 mM PtCl6
2- in aqueous 1 M HCl is investigated 
in more depth and compared for conventional steel and 3D-printed steel. It is shown that 3D-
printed steel shows a remarkable reactivity pattern (with laser-aided manufacturing pattern 
inscribed in the material being revealed) distinctly different from that for conventional steel. 
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Three stages of galvanic exchange platinum deposition can be distinguished, which are linked 
to a micro-pattern formation (associated with the laser inscribed printing pattern of typically 
100 m feature size), nano-pattern formation at 50 nm scale, and finally platinum film over-
growth (typically 500 nm thick) and peel-off. These processes are observed only on 3D-printed 
steel and there are no similarly defined processes observed on conventional steel surfaces. The 
origin of this behaviour is explored and potential for applications in electro-catalysis in alkaline 
media is discussed. 
 
 
2. Experimental 
 
2.1. Reagents, Instrumentation, and Materials 
Reagents such as HCl (35%), KOH (A.R.), methanol (chromatography grade), and 
hexachloroplatinic acid were obtained from Sigma-Aldrich or Johnson Matthey Ltd. and used 
without further purification. Water (demineralised and filtered) was taken with not less than 
18.2 MΩ cm (at 293 K) from a Thermo Scientific water purification system. Experiments were 
performed at 20 +/- 2 oC. 
 
For scanning electron microscopy (SEM) imaging on a JEOL JSM6310 instrument, the 
potential difference was set between 5-15 kV to achieve good resolution. Energy dispersive x-
ray spectroscopy (EDX) was used for chemical analysis using a Zeiss Supra SEM equipped 
with an Oxford Instruments X-Man Detector.  
 
Conventional 316L steel rods of 3 mm diameter were purchased from Advent Research 
materials Ltd. The 3D-printed steel rods were prepared from SS 316L powder (EOS GmbH - 
Electro Optical Systems, Robert-Stirling-Ring 1, D-82152 Krailling, München) at 
Lappeenranta University of Technology in Finland as reported previously [12]. Briefly, a 
powder of steel with typically 20 m diameter is layered over the sample surface and then laser 
sintered. The laser passes over the surface in a line pattern (with 100 m distance between 
lines) with each layer being sintered at a 90 degree angle relative to the previous (see Figure 
1A).  
 
2.2. Preparation of Steel Disks  
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The 3 mm diameter steel rods (conventional and 3D-printed) were then cut into disks of 
typically 1 mm thickness and polished to mirror finish (see Figure 1B and 1C). Abrasives used 
to hand-polish were P800 emery paper with a grain size of 22 µm, diamond pastes with reduced 
grain sizes 15 µm, 6 µm, and 1 µm (obtained from Metprep and Joke®-Hyprez® respectively) 
and finally LindeTM high purity 0.3 µm Micron Type A alumina powder. In between each phase 
of polishing it was paramount that the disks were cleaned effectively. This was achieved by 
cleaning the samples with a brush, ultrasonicating in deionized water, and then by rinsing with 
isopropanol. Some residual porosity in the steel samples is observed in particular for the 
conventional steel (Figure 1C). The elemental composition as obtained by energy-dispersive 
X-ray analysis (EDX) is summarized in Table 1. We note that the composition of the 3D-
printed steel is not identical to that of conventional 316, but exhibit small differences, 
particularly in the Nickel and Molybdenum content, which may impact the corrosion behavior 
of the material. A DP-M17 USB Digital Microscope from Conrad Electronics with a 
magnification of 200× was used to optically monitor the polishing process. The samples were 
polished to a surface roughness average of 6 nm (over 10 m × 10 m; measured by AFM). 
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Figure 1. (A) Schematic depiction of the 3D-printing process. (B) Diagram showing the laser 
melting following a line pattern. The laser spot is approximately 100 m in diameter and the 
distance between consecutive lines is 100 m. In consecutive layers the line pattern is rotated 
by 90 degrees. (C,D) Scanning electron micrographs (SEM) for (C) a conventional steel sample 
and (D) a 3D-printed steel sample after polishing. 
 
 
 
Table 1. Chemical composition for the five most abundant elements for 316L samples for 
3D-printed material and for conventional steel obtained using EDX analysis. 
 
Elements   316L (3D-printed)  316L (conventional) 
 
Iron    61.6 ± 0.4%   66.6 ± 0.1% 
Chromium   17.9 ± 0.1%   17.3 ± 0.1% 
Nickel    13.5 ± 0.1%   10.2 ± 0.1% 
Molybdenum   3.0 ± 0.1%   2.3 ± 0.1% 
Manganese   1.3 ± 0.1%   1.5 ± 0.1% 
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2.3. Galvanic Exchange Platinisation Experiments 
Platinum was grown via a galvanic exchange process, by immersion into a solution of 2 mM 
PtCl6
2- (hexachloroplatinic acid from Johnson Matthey Ltd.) in aqueous 1 M HCl. Steel 
samples were immersed for periods of 30 s, 1 minute, 2 minutes, 5 minutes, or 15 minutes 
under ambient conditions. After deposition, samples were rinsed with distilled water and dried 
in a flow of nitrogen gas.  
 
2.4. Electrochemical Experiments 
Steel rods with a length of 9 mm were sealed in silicone (Silicoset 150) to expose a 3 mm 
diameter disk surface. Chronopotentiometry and cyclic voltammetry measurements were 
performed using a microAutolab III potentiostat (EcoChemie, NL) with GPES control 
software. A conventional three-electrode cell with saturated calomel (SCE) reference and 
platinum wire counter electrode was employed. Electrolyte solutions were not de-aerated or 
stirred during electrochemical measurements.  
 
3. Results and Discussion 
3.1. Comparison of Galvanic Exchange Reactivity of Conventional and 3D-Printed Steel 
It has recently been shown [12] that platinum catalyst coatings are formed on both conventional 
steel (with poor adhesion) and 3D-printed steel (with good adhesion) when exposed to a 
solution of PtCl6
2- in aqueous HCl. The process is consistent with galvanic exchange [20] and 
formally expressed in equation 1. This process should be equally possible on both conventional 
and 3D-printed steel, but characteristic differences were observed when comparing the two 
types of steel. 
 
PtCl6
2-(aq)    +    2 Fe(0)(s)           Pt(0)(s)    +    2 Fe2+(aq)    +   6 Cl-(aq)       (1) 
 
Although equation 1 appears relatively simple, there are reaction intermediates such as Pt(II) 
and other reactive metals present in stainless steel (see Table 1) are likely to lead to more 
complex reaction conditions. Figure 2A shows chronopotentiometry data for a 3 mm diameter 
disk sample of conventional steel compared to the case of 3D printed steel immersed in 
aqueous, aerated, 1 M HCl. In both cases the potential becomes increasingly negative initially 
upon immersion before approaching an equilibrium value, consistent with dissolution of the 
air-formed surface film followed by re-passivation. The transient behaviour at short timescales 
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appears to differ between the two materials, with the conventional steel potential initially 
“over-shooting” towards more negative values, indicating a difference in the relative rates of 
passive film dissolution and re-passivation. This disparity likely relates to the intrinsic 
corrosion properties of the two materials, but differences in the precise surface state and the 
influence of residual stress cannot be ruled out.  
 
When these experiments were repeated in 1 M HCl with added 2 mM PtCl6
2- (see Figure 2B), 
generally more positive potentials are observed consistent with a faster dissolution of the steel 
during galvanic exchange. This is likely to be linked to the deposition of platinum onto the 
steel surface, which acts to inhibit passive film formation by blocking active sites. Optically, 
the formation of platinum metal deposits is seen for both conventional steel and 3D-printed 
steel, but the types of deposits appear to be different. 
 
 
 
 
Figure 2. (A) Chronopotentiometry data for 3 mm diameter disk samples of conventional steel 
and 3D-printed steel immersed in aqueous 1 M HCl. (B) Chronopotentiometry data for 3 mm 
diameter disk samples of conventional steel and 3D-printed steel in 1 M HCl containing 2 mM 
PtCl6
2-.  
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Figure 3. Optical micrographs (obtained in situ) showing the difference in hydrogen evolution 
characteristics for (A) 3D-printed steel and (B) conventional steel immersed for 90 s in 2 mM 
PtCl6
2- in 1 M HCl. 
 
 
When studied with in situ optical microscopy, upon immersion in aqueous 2 mM PtCl6
2- in 
1 M HCl, the 3D-printed steel appeared to develop a pattern of lines during the galvanic 
exchange (see Figure 3A). In contrast, the conventional steel sample appeared to be more active 
towards production of hydrogen bubbles, consistent with the more negative potentials observed 
upon exposure to this galvanic exchange solution (see Figure 2).  
 
Exposing samples to the galvanic exchange solution for different lengths of time (1 minute, 2 
minutes and 5 minutes) unveiled further differences in the behaviour of the two types of steel. 
Platinum growth appeared to initiate more quickly on the conventional steel sample (see Figure 
4A). After 1 minute of immersion the surface of the conventional steel sample turns dark and 
a deposit is clearly observed. Over longer periods of time platinum appears to form in a random 
pattern and with weak adhesion (Figures 4B and 4C). In contrast, for the 3D-printed steel, 
initially a unique “domain” pattern was observed (Figure 4D). Rectangular regions with 
approximately 100 m width with a right angle pattern are seen after 1 minute immersion. This 
pattern appears to closely resemble the laser-scanning pattern applied during the 3D-printing 
process, in which the laser is scanned in a line pattern with a 100 mm period, which is rotated 
by 90 degrees after each layer. A possible explanation for the observed behaviour is dendritic 
growth of the 3D-printed material leading to non-uniform elemental distribution within 
individual grains, and thus a spatially varied susceptibility to localised corrosion. Whilst this 
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non-uniformity was not evident from energy-dispersive x-ray (EDX) mapping experiments, the 
minimum difference in composition required to bring about a change in electrochemical 
behaviour is likely beyond the sensitivity of this technique. An alternative mechanism could 
be spatial differences in the residual stress within the steel microstructure, again arising from 
the 3D-printing process, but further work would be required to investigate this phenomenon. 
 
 
 
 
Figure 4. (A-F) Optical micrographs recorded after immersion in 2 mM PtCl6
2- in 1 M HCl for 
conventional steel (A-C, top row) and for 3D-printed steel (D-F, bottom row). The immersion 
time was 1 minute (A and D), 2 minutes (B and E), and 5 minutes (C and F). (G-I) Scanning 
electron microscopy (SEM) images for (G) the bright region, (H) the border region, and (I) the 
dark region shown in 4E.  
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With time the 3D-printed steel sample then developed a black coloration (starting from the 
edges and then covering the complete surface, Figure 4E) before large flakes of platinum 
appear (Figure 4F) to delaminate from the steel surface. It is clear from these observations 
(which were consistent across multiple experiments) that the galvanic exchange behaviour of 
these two materials differs considerably.  
 
An optical microscopy comparison of the properties of conventional steel and 3D-printed steel 
after a simple etch treatment in 1 M HCl did not reveal any differences. Also, scanning electron 
microscopy (SEM) and EDX analysis, revealed no significant differences seen for the two 
types of steel sample. Only under galvanic exchange conditions are differences in reactivity 
and the laser line pattern exposed. 
 
3.2. Galvanic Exchange Platinum Growth on 3D-Printed Steel 
Analysis of the 3D-printed steel sample exposed for 2 minutes to galvanic exchange conditions, 
reveals three distinct regions to explore. Figures 4G to 4I show typical SEM images for the 
brighter region (Figure 4G), the interface between the dark and bright regions (Figure 4H), and 
the dark region (Figure 4I). In the brighter region only insignificant amounts of platinum are 
present (measured by EDX) and corrosion products such as oxides seem to dominate. The SEM 
image (Figure 4G) indicates that the surface is heavily corroded, with the highest density of 
pits or localised corrosion concentrated along distinct lines, consistent with non-uniformities 
in the 3D-printing process leading to regions of higher susceptibility to corrosion, as discussed 
above. In the dark region layers of platinum are clearly present. These are formed from 
individual nanoparticles that merge into a single layer (Figure 4I). This layer appears to densify 
and then lifts off the steel surface in large flakes (see Figure 4F). Very interesting is the 
boundary layer where regular sub-micron patterns of platinum and oxide are present (Figure 
4H). 
 
SEM images for the platinum flakes that form after 5 minutes galvanic exchange are shown in 
Figures 5A and 5B. These platinum flakes consist of individual nanoparticles that have grown 
together to form approximately 500 nm thick films. Due to continuing corrosion at the passive 
oxide surface of the steel underneath the platinum film, cracks appear and delamination of the 
film is observed.  
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Interestingly, SEM imaging of the boundary between the lighter and darker areas revealed a 
nanoporous etching pattern with platinum deposits (confirmed by EDX) growing inside (Figure 
5C and D). This pattern appears to suggest a well-distributed platinum deposit in the form of 
“nano-cages” with enhanced surface area. For applications in electrocatalysis this type of 
surface may be of particular interest. 
 
 
 
 
 
Figure 5. SEM images (A) and (B) of a platinum peel on the 3D-printed steel sample after 5 
minutes galvanic exchange. Also shown are SEM images (C) and (D) for 2 minutes galvanic 
exchange obtained in the boundary layer. 
 
 
 
 
 
Another phenomenon was observed for galvanic exchange on the 3D-printed steel when using 
a lower concentration (1 mM) of PtCl6
2- in 1 M HCl solution. For the conventional steel a 
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similar deposition process occurred to that shown in Figure 4A-C, although the rate of the 
deposition process appeared approximately half as fast. For the 3D-printed steel only etching 
was observed to occur and no platinum layer formed when using 1 mM PtCl6
2- solution, even 
after 15 minutes reaction time. This implies that there could be a concentration threshold for 
PtCl6
2- galvanic exchange, below which platinum deposition is not favoured on the 3D-printed 
steel. 
 
 
 
3.3. Electrocatalytic Activity of Galvanic Exchange Platinum on Conventional Steel 
versus 3D-Printed Steel 
Next, in preliminary electrocatalysis test experiments, the behaviour of both the conventional 
steel and 3D-printed steel after 2 minutes galvanic exchange deposition of platinum are 
compared in terms of reactivity towards methanol oxidation in aqueous 1 M KOH. The 2 
minute galvanic exchange deposition of platinum was chosen to explore reactivity of the nano-
patterned surface (Figure 5C and 5D). It has recently been proposed that much more substantial 
platinum deposits on 3D-printed steel show promising reactivity [12].  
 
Figure 6A shows current density data (experimental data was scaled to 1 cm2 geometric surface 
area) for cyclic voltammograms obtained at a scan rate of 50 mVs-1. Whilst no catalytic 
response towards methanol is observed on native steel electrodes, in the presence of deposited 
platinum a characteristic anodic peak is observed at approximately -0.3 V vs. SCE. Recent 
studies on galvanically exchanged platinum catalysts on other types of metal surfaces have 
shown very similar results for methanol oxidation in alkaline media [21]. The oxidation process 
at this potential can be assigned to methanol oxidation (equation 2), which is of particular 
relevance to fuel cell applications [22,23].  
 
CH3OH   +   H2O             CO2    +    6 H
+    +   6 e-                                      (2) 
 
Figure 6A shows the methanol oxidation behaviour for three types of electrode: platinum 
deposited on 3D-printed steel, platinum deposited on conventional steel, and a polycrystalline 
platinum disk for comparison. Although currently no detailed information on the true platinum 
loading or platinum surface area can be provided, it is apparent that the magnitudes of the peak 
current densities differ considerably, with conventional steel exhibiting the lowest currents, 
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probably due to poor adhesion of the galvanically exchanged platinum catalyst. The 3D-printed 
steel sample exhibited the highest current densities (one order of magnitude higher than a bare 
platinum surface) presumably due to a high surface area and nano-structuring of the platinum 
deposit (Figure 6B). A further observation can be made in terms of the onset potential for the 
electrocatalytic methanol oxidation. For both the forward and the reverse potential scan the 
onset potential for methanol oxidation is lower by approximately 0.2 V for the 3D-printed steel 
coated with platinum compared to the other platinum electrodes. This observation supports our 
previous hypothesis [12] that platinum deposited by galvanic exchange onto 3D-printed steel 
exhibits a superior catalytic activity, potentially due to trace contamination from steel metals 
(mainly iron). The role of iron “impurities” in methanol fuel cell catalysis has been highlighted 
by Antolini [19]. More work will be required to further explore the feasibility of these steel-
platinum electrodes in fuel cell systems in terms of durability and stability against corrosion 
and loss of activity. 
 
 
 
 
 
Figure 6. (A) Cyclic voltammetry data (scan rate 50 mVs-1) for a conventional steel electrode 
and a 3D-printed steel electrode (both with 2 minutes galvanic exchange deposited platinum) 
as well as a polycrystalline platinum disc electrode immersed in 1.5 M methanol in aqueous 
1 M KOH. (B) Bar chart comparing the current density of the peak for methanol oxidation at 
the three different electrode materials. 
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4. Conclusions 
In this paper we have demonstrated dramatic differences in the electrochemical behavior of 
conventional and 3D-printed steel with respect to a galvanic platinum exchange process. The 
differences in reactivity relate back to the production method and in particular the laser-
annealing process leaving a pattern of residual porosity. The growth of platinum on 3D-printed 
steel occurs in three distinct stages. The first stage is associated with steel passivation and 
corrosion, which results in a bright pattern of pits and localized corrosion linked to the laser 
melting process. Uniquely, this “laser inscription” is only revealed under galvanic exchange 
conditions, indicating that PtCl6
2- plays an important role in highlighting spatial non-
uniformities in surface electrochemistry. The origin of this behaviour is unclear but it possibly 
relates to non-uniform elemental distribution within the alloy leading to “tracks” of higher and 
lower susceptibility towards corrosion. As the sample continues to corrode, a darker region is 
formed with platinum deposition taking place and a region of nanoporous platinum forming at 
the interface. Finally, micron-thick layers of nanoparticulate platinum form with black 
appearance. When this last stage is reached, the layer begins to delaminate from the surface 
while remaining attached, revealing the exposed steel, upon which platinum continues to grow. 
The platinum deposited on 3D-printed steel shows much improved adhesion compared to that 
grown on conventional steel, which does not exhibit any evidence of spatial patterning. 
 
Exploratory electrocatalysis experiments focusing on methanol oxidation in alkaline media 
suggest improved catalytic performance for the 3D-printed steel after galvanic exchange as 
indicated by lower onset potentials and significantly enhanced current densities compared to 
platinum deposited on conventional steel. It can be concluded that the 3D-printing process 
details (laser scanning methods and pattern) can significantly affect applications in 
electrocatalysis. Further work will be required to reveal more structural details for the 
galvanically deposited platinum. There are a range of other applications with other alloys where 
the 3D-printing approach followed by galvanic exchange could be of interest. Finally, the 
visualization of laser-inscribed pattern could be of interest in other areas of such as steel 
product recognition. 
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